The presence of an amorphous surface layer that coats a crystalline core has been evidenced for many biominerals, including bone mineral. In parallel, transient amorphous precursor phases have been proposed in various biomineralization processes, including bone biomineralization. Here we propose a methodology to investigate the origin of these amorphous environments taking the bone tissue as a key example. This study relies on the investigation of a bone tissue sample and its comparison with synthetic calcium phosphate samples, including a stoichiometric apatite, an amorphous calcium phosphate sample, and two different biomimetic apatites.
Abstract
The presence of an amorphous surface layer that coats a crystalline core has been evidenced for many biominerals, including bone mineral. In parallel, transient amorphous precursor phases have been proposed in various biomineralization processes, including bone biomineralization. Here we propose a methodology to investigate the origin of these amorphous environments taking the bone tissue as a key example. This study relies on the investigation of a bone tissue sample and its comparison with synthetic calcium phosphate samples, including a stoichiometric apatite, an amorphous calcium phosphate sample, and two different biomimetic apatites.
To reveal if the amorphous environments in bone originate from an amorphous surface layer or a transient amorphous precursor phase, a combined solid-state nuclear magnetic resonance (NMR) experiment has been used. The latter consists of a double cross polarization 
Introduction
The presence of an amorphous surface layer that coats a crystalline nanoparticle core has been proposed both in calcium phosphate and calcium carbonate biominerals, including the apatite nanoparticles constituting the bone mineral [1] and the aragonite particles constituting the nacre of the molluscan shells [2] , respectively. In parallel, both transient amorphous calcium phosphate [3, 4] and transient amorphous calcium carbonate [5] [6] [7] phases have been observed at the early stages of biomineralization in bone, enamel, the spines of sea urchin and in nacre. Here we propose a methodology to investigate the origin of these amorphous environments in the case of a bone tissue sample originating from a two-year-old sheep and through its comparison with synthetic calcium phosphate samples.
While there is no doubt that the mature bone mineral is made of crystalline calcium phosphate in the form of apatite [8] , the question regarding the presence or not of amorphous calcium phosphate (ACP) in bone mineral has been deeply investigated over the past couple of decades [9] , and is still widely debated nowadays [10] [11] [12] . The bone apatite particles are in the form of nanosized platelets with irregular shapes and dimensions [13, 14] , i.e., ~1-4 nm of thickness, ~8-15 nm of width and ~20-35 nm of length. This bone apatite is described as a calcium-deficient and hydroxyl-deficient carbonated hydroxyapatite [15] [16] [17] , with a chemical composition that varies greatly with respect to the so-called stoichiometric hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) due to numerous ionic substitutions -and, in particular, carbonate ions present from ~4 up to ~9 % w/w. Moreover, spectroscopic investigations, microscopy observations, and X-ray analyzes, have provided strong evidence of the presence of non-apatitic environments closely related to ACP in bone mineral. Studies involving newly formed, intermediate, and mature bone mineral, as well as synthetic biomimetic apatites (i.e., synthetic 3 carbonated nanocrystalline hydroxyapatites) have been reported -and it was proposed that these ACP environments might have two origins: (i) an ACP-like surface layer that coats the bone apatite particles; and/or (ii) a transient ACP phase present at the early stages of bone mineralization. Indeed, the existing model that describes the bone apatite and biomimetic apatite particles predict a core/shell structure, with the ACP-like environments in the form of a very thin mineral surface layer that coats the apatitic environments localized into the bulk of the particle.
The accuracy of this model is still debated because the exact origin of the ACP environments is still not clear: transient phase vs surface layer, either one or the other, or both of the two forms present at the same time in a bone sample.
Particular surface properties of bone mineral were first reported in the fifties from ionic exchange experiments, which would involve "a surface hydration shell containing non-specific boundary anions in rapid equilibrium with the surrounding medium" [18] . The first electron microscopy studies on the early stages of bone mineral deposition suggested that "the crystals are not only smaller, but that some of the observed inorganic components in newly formed bone may not be in a crystalline form" [19] . The presence of ACP as an intermediate in the precipitation of apatite was confirmed in vitro in the mid-sixties with the help of X-ray diffraction [20] . Soon after this, based on X-ray diffraction analysis by measuring the background intensity, ACP environments were both detected and quantified in bone mineral [21] [22] [23] . The first spectroscopic evidence of the presence of ACP environments in bone mineral was reported at that time using infrared spectroscopy by analyzing the ν 4 vibration mode of orthophosphate ions [24] . However, in the early eighties, with the help of both X-ray diffraction and X-ray radial distribution measurements, M. Glimcher and his colleagues undertook an extensive study that led to the conclusion that the presence of ACP in bone mineral has to be reconsidered [25] [26] [27] . Indeed, they concluded that the ACP environments in newly formed bone mineral, previously reported by A. Posner and his colleagues, were actually only "poorly crystalline hydroxyapatite" environments [26] . Other spectroscopic evidences of the presence of ACP or "poorly crystalline hydroxyapatite" environments in bone mineral were reported in 1994 using solid-state nuclear magnetic resonance (NMR) spectroscopy with the help of the { 1 H} 31 P cross polarization (CP) experiment [28, 29] . These ACP-like environments have been described as "a unique protonated phosphate group in bone mineral not present in synthetic calcium phosphates" [29] , as well as "a second phosphorus site interacting with structural water molecules" [28] . In parallel, several studies have reported the presence of related ACP-like environments in various biomimetic apatites, using infrared spectroscopy [30] [31] [32] , X-ray radial distribution analysis [33] , X-ray absorption spectroscopy [34] , and solid-state NMR spectroscopy [35] [36] [37] . Furthermore, ionic exchange properties involving the presence of loosely bound ions at the particle's surface has also been reported for biomimetic apatites [38] [39] [40] . These two concepts involving surface properties and ACP-like environments have therefore gradually merged together, and the models of the bone and biomimetic apatite particles have emerged [1, [41] [42] [43] [44] [45] : a nanosized platelet constituted by a crystalline core in the form of hydroxyapatite coated by an ACP-like surface layer. Furthermore, a similar core/shell model has also been proposed for the elongated dentin apatite particles [46] [47] [48] . High-resolution transmission electron microscopy (HR-TEM) observations have strengthened the accuracy of this model. Indeed, the presence of an amorphous surface layer (~1-2 nm thick) was sometimes reported from synthetic apatite samples [1, 49, 50] . However, such observations are debatable because a degradation of the particles might happen following the electron beam irradiation.
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In parallel, the presence of ACP environments in bone mineral in the form of a transient amorphous precursor phase is worth considering. Indeed, ACP particles have been observed at the early stages of the apatite crystallization process in vitro (with or without the presence of organic additives) [20, [51] [52] [53] [54] [55] [56] [57] [58] [59] and in vivo [3, 4, [60] [61] [62] . In particular, in the case of the growing fin bony rays of the zebrafish, recent studies have shown that the new mineral is delivered and deposited as packages of ACP nano-spheres, which transform into platelets of crystalline apatite within the collagen matrix [63] .
The aim of this study is to assess the two scenarios likely to happen in bone mineral: (1) an ACP-like surface layer which coats an apatitic crystalline nanoparticle core; and/or (2) the presence of ACP particles and apatite crystals apart. For this purpose, a combined solid-state NMR experiment has been applied to a bone tissue sample originating from a two-year-old sheep and to various well-characterized and carefully chosen synthetic calcium phosphate samples. 
Materials and methods

Samples preparation
The stoichiometric hydroxyapatite, HA, was obtained following the synthesis described by Takemoto et al. [65] . The double-distilled water used in the different steps of the synthesis has been boiled for 2 hours, and then cooled under N 2 bubbling to remove the dissolved CO 2 .
Briefly, 100 mL of a 0. The physical mixture of the stoichiometric apatite sample and the amorphous calcium phosphate sample, HA/ACP mixture, was made by mixing the same mass of HA and ACP, giving a 50:50 w/w mix ratio. The powders were placed in a mortar and mixed for 10 min. Then the mixture were introduced in a vortex mixer and mixed for 10 min in order to obtain a mixture as homogeneous as possible.
The first biomimetic apatite, CHA (i.e., a carbonated hydroxyapatite), was obtained at ambient temperature by an ammonia gas diffusion method described by Nassif et al. [67] (referred as HA-2 in the referenced article). An aqueous reaction solution containing 110 mM CaCl 2 .2H 2 O, 33 mM NaH 2 PO 4. H 2 O and 33 mM NaHCO 3 was prepared. The pH of this reaction solution was adjusted to 2.2 with a 1 M HCl aqueous solution added dropwise. Two flasks (35 mL, 50mm height) containing this reaction solution (20 mL each) and covered by perforated Parafilm (to slow down the ammonia gas diffusion) were placed into a closed chamber (i.e., a 1 L beaker) -and an ammonia aqueous solution (28 % w/w, 8 mL) was also placed in the chamber.
The pH of the reaction solution gradually increases following the solubilization of the ammonia gas leading to the precipitation of the mineral. After 6 days, the precipitate was centrifuged (6000 rpm, 10 min) and washed 3 times with double-distilled water, and then dried at 37°C for 7 days before characterization.
The second biomimetic apatite, CHA-SBF, (i.e., a hydroxyl-deficient carbonated, and potentially substituted with various ionic species, hydroxyapatite), was precipitated from a 1.5 simulated body fluid solution (i.e., 1.5 SBF). The latter is a solution having 1.5 times higher ion concentrations than that of a simulated body fluid (SBF). This 1.5 SBF solution was prepared according to the procedure described by Rhee & Tanaka [68] , by dissolving the following salts at 37°C, in the order listed: NaCl (11.99 g), NaHCO 3 
Samples characterization
General characterization
Powder X-ray diffraction (XRD) patterns of all samples were recorded using a Bruker D8 X-ray diffractometer operating in the reflection mode at CuKα radiation, with 40 Thermogravimetric analysis (TGA) experiments were performed on a thermomicrobalance instrument (NETZSCH STA 409PC). The measurements were performed from room temperature to 1000°C in air atmosphere with a heating rate of 5°C/min.
For transmission electron microscopy (TEM) observations, the different powders were dispersed in anhydrous ethanol. A few drops of the resulting dispersions were deposited on a carbon-coated copper grid. After solvent evaporation, TEM investigations were performed with a FEI TECMAI G2 Spirit Twin electron microscope operating at 120 kV. 
Solid-state NMR
Results and Discussion
Common characterization techniques
Apatite environments are the only crystalline environments detected in the stoichiometric apatite (called HA) and in the two biomimetic apatites (called CHA and CHA-SBF) according to X-ray diffraction (XRD) observations (Fig. S2) . The Bragg reflections of CHA and CHA-SBF are broadened compared to HA (Fig. S2 ). This broadening is diagnostic of a structural disorder brought by the various ionic substitution (mainly carbonates, see FT-IR spectra). The , respectively). Since the ACP sample was prepared in water, the presence of water molecules trapped within and in between the particles was expected [71, 72] .
This hydration is required to use this synthetic ACP sample as a model of the ACP-like environments found in bone mineral and biomimetic apatites. Indeed, the latter are sometimes called the "hydrated domain" [45] and they possess strong hydrophilic properties [1] . The incorporation of carbonate ions in the ACP sample is also important. Indeed, the presence of carbonate ions within the ACP-like environments of bone mineral and biomimetic apatites has been reported by ionic exchange and/or FT-IR experiments [38, 40, 45, 73] , and by 13 C-based solid-state NMR experiments [1] . The weight percentages of carbonate ions in the carbonated samples were estimated from the weight loss of CO 2(g) occurring between 600 and 1000°C in thermogravimetric analysis (TGA) [74] : ~4.9 % for CHA; ~5.2 % for CHA-SBF and ~3.8 % for ACP ( Figure S4) ; while a range from ~4 to ~9 % was determined in bone mineral [75] .
Regarding the weight percentages of water molecules, they were estimated from the weight loss (Table S1 ) is known to be correlated with a higher rate of carbonate ions substitution [77, 80, 81] , which is in good agreement with our FT-IR and TGA observations. The (Table S1 ). Indeed, the Finally, the intrinsic structural disorder of ACP is confirmed from its very broad Posner and his colleagues [21, 23, 33, 88] , it is clear that the H homonuclear correlation spectrum, where the off-diagonal cross-peaks (i.e., exchange crosspeaks) reveal the existence of spatial continuities between the protonated species and, as corollary confirm their presence within the same particle. This experiment has been widely used to assess the phase separation of crystalline and amorphous domains in polymers [90] . However, the one-pulse 1 H MAS NMR spectrum recorded from an intact bone tissue sample is dominated by the free water molecules, the organic matrix and the lipids from the cells [76, 91] . This prevents the 1 H EXSY NMR experiment to directly probe the spatial continuity between the protonated species in bone mineral from an intact bone tissue sample.
To circumvent this issue, a combined approach can be used by adding a filtering step, These observations support the hypothesis that these ACP-like environments stand at the surface of bone mineral particles in the form of a mineral surface layer. In addition, the highly hydrophilic properties of this amorphous surface layer leads to the formation of a rigid hydration shell of bound water surrounding the bone mineral particles in vivo [1] . It was shown that this hydration shell, with no need of bioorganic molecules (i.e., collagen, non-collagenous proteins, or proteoglycans), plays a significant role by locally structuring the bone apatite platelets [1] .
Further, it was proposed that this local behavior might impact the macroscopic mechanical properties of bone tissue [41, 95] .
At last, the present study confirms the presence of an ACP-like surface layer that coats the bone apatite particles in bone mineral of a two-year-old sheep bone tissue sample -but it does not exclude the presence, in addition, of a transient amorphous calcium phosphate phase present at the early stages of bone mineral deposition. Further, we analyzed the 
Conclusions
Our results demonstrate that the crystalline apatitic and the ACP-like environments that were detected both in two biomimetic apatites and in bone mineral belong to the same particle.
This conclusion supports and reconfirms the accuracy of the existing model that describes the bone apatite and the biomimetic apatite particles: a nanosized platelet constituted by a crystalline core in the form of hydroxyapatite coated by an ACP-like surface layer.
The ACP-like surface layer thus interacts with all the extracellular components (i.e., water, non-collagenous proteins, proteoglycans, collagen and the mineral itself) and cells. The latter is therefore involved in all the biochemical, biophysical and physico-chemical reactions associated with bone mineral; and accordingly, it is clear that the ACP-like surface layer has strong implication on bone tissue biogenesis and regeneration. Future work should make an 20 effort to describe the biomolecules/mineral interface, and our study emphasizes the need to consider a biomolecules/ACP interface instead of a biomolecules/crystalline apatite interface.
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